The products of the NpR1527 and NpR1526 genes of the filamentous, diazotrophic, fresh-water cyanobacterium Nostoc punctiforme strain ATCC 29133 were identified as a nitrate transporter (NRT) and nitrate reductase (NR) respectively, by complementation of nitrate assimilation mutants of the cyanobacterium Synechococcus elongatus strain PCC 7942. While other fresh-water cyanobacteria, including S. elongatus, have an ATP-binding cassette (ABC)-type NRT, the NRT of N. punctiforme belongs to the major facilitator superfamily, being orthologous to the one found in marine cyanobacteria (NrtP). Unlike the ABC-type NRT, which transports both nitrate and nitrite with high affinity, Nostoc NrtP transported nitrate preferentially over nitrite. NrtP was distinct from ABC-type NRT also in its insensitivity to ammonium-promoted regulation at the post-translational level. The nitrate reductase of N. punctiforme was, on the other hand, inhibited upon addition of ammonium to medium, lending ammonium sensitivity to nitrate assimilation.
Nitrate is the major source of nitrogen for photosynthetic organisms, including cyanobacteria, algae, and plants. 1) It is used as a nitrogen source also by nonphotosynthetic organisms including bacteria, fungi, and certain species of yeast. [2] [3] [4] [5] The first step in nitrate assimilation is active transport of nitrate into the cell. Every organism performing nitrate assimilation thus has at least one active nitrate transporter (NRT). Nitrate is subsequently reduced to nitrite by nitrate reductase (NR). Nitrite is further reduced to ammonium by nitrite reductase (NiR), and the resulting ammonium is fixed into amino acids. Three distinct types of NRT have been identified to date: the ABC-type NRT found in cyanobacteria and some heterotrophic bacteria; 6, 7) NRT1 of vascular plants, which belongs to the peptide transporter family of the major facilitator superfamily; and NRT2 and its homologs, comprising the nitrate-nitrite-porter family in MFS. 8, 9) NRT2-type NRT is widespread and is found in all the eukaryotic nitrate assimilators (i.e., yeasts, fungi, algae, and plants), cyanobacteria, and heterotrophic bacteria.
Cyanobacteria are prokaryotic organisms performing oxygenic, plant-type photosynthesis. Each cyanobacterial strain has either an ABC-type NRT encoded by the nrtABCD genes 6) or an NRT2-type transporter encoded by nrtP (also known as napA).
10) ABC-type NRT is a nitrate-nitrite bispecific transporter that transports both nitrate and nitrite with high affinity. 11, 12) Its activity is inhibited by a post-translational mechanism when ammonium is added to a medium, and the C-terminal extension of one of the ATP-binding subunits, NrtC, has been found to be required for regulation. 13, 14) While fresh-water cyanobacterial strains generally have ABCtype NRT, marine cyanobacterial strains have NrtP, the NRT2-like permease. NrtP has also been found to be a bispecific transporter for nitrate and nitrite in Synechococcus sp. strain PCC 7002 by targeted inactivation of the gene, 10) and in Trichodesmium sp. strain PCC 9601 by functional characterization of the gene in an NRTless Bacillus subtilis mutant, 15) but no information about its relative selectivity for the substrates or post-translational regulation is available. In this study, we characterized the NrtP permease of a filamentous, fresh-water cyanobacterium, Nostoc punctiforme ATCC 29133, the only known example of a fresh-water strain having a gene for the NRT2-type transporter.
16) It was found that
Nostoc NrtP is a nitrate-nitrite transporter with much higher affinity for nitrate than for nitrite, and that it is not subject to post-translational regulation.
Materials and Methods
Strains and growth conditions. The Nostoc punctiforme ATCC 29133 mutant UCD425 17) (devRD53Q, a gift of Dr. Jack Meeks) was used for examination of nitrate and nitrite uptake capabilities of the cyanobacterium and for analyses of the transcripts from nitrate assimilation genes. This mutant was chosen as a material because it is unable to fix N 2 under aerobic conditions and hence should be useful for detailed analysis of the effects of nitrogen limitation on the expression of nitrate assimilation activities in future studies. A derivative of Synechococcus elongatus strain PCC 7942, which is cured of the resident small plasmid pUH24 (R2-Spc, 18) hereafter designated as the wild-type PCC 7942 strain), was the parental strain of the NA3 (ÁnrtABCD) 12) and NC4 (nrtCÁC ÁnarB::kan)
13) mutants used respectively as hosts for heterologous expression of the nrtP and narB genes of N. punctiforme. The cyanobacterial strains were grown photoautotrophically at 30 C under CO 2 -sufficient conditions, as previously described. 19) Continuous illumination was provided by fluorescent lamps at 40 and 100 mmol of photons m À2 s À1 respectively for N. punctiforme and S. elongatus. The basal medium used was a nitrogen-free medium obtained by modification of BG11 medium, 20) as previously described. 19) Ammonium-containing medium and nitrate-containing medium were prepared by addition of 3.75 mM (NH 4 ) 2 SO 4 and 15 mM KNO 3 to the basal medium, respectively. Both media were buffered with 20 mM HEPES-KOH (pH 8.2). When appropriate, kanamycin and spectinomycin were added to the media at 15 mg ml À1 .
Isolation and analysis of DNA. Chromosomal DNA was extracted and purified from the cyanobacterial cells as described by Williams. 21) Manipulations and analyses of DNA were performed according to standard protocols. 22) All the cloned DNA fragments generated by PCR amplification were sequenced to verify the nucleotide sequence.
Expression of plasmid-borne nrtP in Synechococcus. For heterologous expression of the NrtP permease of N. punctiforme in cells of S. elongatus, a 1,511-bp fragment of Nostoc DNA carrying the entire NpR1527 open reading frame and 8 bp of the 5 0 -flanking sequence was amplified by PCR. The 7th, 8th, and 12th bases of the sense primer used, corresponding to bases À2, À1, and þ4 with respect to the translation start site, had been changed from G, A, and C in the original sequence to C, C, and G respectively to create a NcoI recognition site at the translation start site. 23) which is a pSE1 derivative carrying the spectinomycin-resistance gene from pRL453 24) as a marker in place of the kanamycin resistance gene in pSE1. Due to the A to G base change, the Ser 2 residue was replaced with Gly in the protein encoded by the resulting plasmid (pNNARB). pNNARB was transformed into the S. elongatus NC4 mutant (nrtCÁC ÁnarB::kan) 13) to yield the spectinomycin-resistant transformant NC4 [pNNARB] . Expression of plasmid-borne NpR1526 was induced by a 16-h treatment of the cells with IPTG, as described in the previous section.
Measurements of nitrate and nitrite uptake. Uptake of nitrate and nitrite by cyanobacterial cells was measured under illumination at pH 9.6 by following the decrease in the extracellular concentrations of nitrate and nitrite respectively, using cell suspensions containing 5 mg chlorophyll (Chl) per ml, as previously described, 13) except that CHES-KOH was used instead of HEPES-KOH to maintain the pH. The light intensity was 40 and 100 mmol of photons m À2 s À1 for N. punctiforme and S. elongatus respectively, unless otherwise stated. IPTG (1 mM) was added to the cell suspensions of the S. elongatus NA3[pNRTP] and NC4[pNNARB] strains. When the effects of ammonium on the uptake of nitrate and nitrite were examined, 200 mM (NH 4 ) 2 SO 4 was added to the cell suspensions immediately after the addition of nitrate or nitrite. Nitrate and nitrite were determined with a flow-injection analyzer (PFA-310, Tokyo Chemical Industry, Tokyo.)
Other methods. The in vitro activities of NR and NiR were determined at 30 C, using toluene-permeabilized cells with dithionite-reduced methylviologen as the electron donor. 25, 26) Chlorophyll levels were determined according to Mackinney.
27)

Results
Uptake of nitrate and nitrite by N. punctiforme cells Figure 1A and B shows the time courses of consumption of nitrate and nitrite by suspensions of N. punctiforme cells. The measurements were done at pH 9.6 to prevent passive entrance of nitrous acid (HNO 2 ) into the cells. The cells took up nitrate and nitrite from media containing < 100 mM of the substrates, indicating the operation of an active transport system(s). When both nitrate and nitrite were present in the medium, nitrate was preferentially taken up by the cells (Fig. 1C) . Preferential uptake of nitrate was observed even when the initial concentration of nitrite was much higher than that of nitrate (Fig. 1D ). As shown in Fig. 2 , the cells consumed nitrate and nitrite completely, but in the concentration range of <20 mM, the rate of nitrite uptake decreased progressively as the substrate concentration decreased (Fig. 2B) , whereas the rate of nitrate uptake was constant down to a nitrate concentration of about 5 mM (Fig. 2A) . These results suggest that nitrate and nitrite are transported into N. punctiforme cells by a single transporter having higher affinity for nitrate than for nitrite.
The rates of nitrate and nitrite uptake ranged from 6 to 10 mmol mgChl À1 h À1 when measured at a light intensity of 40 mmol of photons m À2 s À1 , as shown in Fig. 1 . At a light intensity of 100 mmol of photons m À2 s À1 , the nitrite uptake rate increased to 20 to 25 mmol mgChl À1 h À1 , but the nitrate uptake rate increased only to 10 to 15 mmol mgChl À1 h À1 , as shown in Fig. 2 . Measurements of in vitro NR and NiR activities showed that the NR activity of N. punctiforme was only 5% of that in S. elongatus, whereas the NiR activity of Nostoc was comparable to that in Synechococcus ( Table 1 ). Given that the uptake of nitrate, as measured by following the nitrate concentration in the medium, includes jointly transport and reduction, these results suggest that nitrate uptake by N. punctiforme is limited by the activity of NR but not NRT.
As in other cyanobacterial strains examined to date, nitrate uptake by N. punctiforme cells was inhibited by the addition of ammonium to the medium (Fig. 3A) . Nitrate uptake resumed when ammonium was exhausted from the medium (data not shown). By contrast, uptake of nitrite proceeded in the presence of ammonium (Fig. 3B) , indicating that the nitrate-nitrite bispecific NRT of N. punctiforme is not inhibited by ammonium. The inhibition by ammonium of nitrate uptake therefore suggests that NR is subject to post-translational regulation in N. punctiforme ATCC 29133.
Characterization of the nitrate assimilation genes of N. punctiforme Figure 4A shows a map of the genomic region carrying the putative nitrate assimilation genes of Nostoc punctiforme strain ATCC 29133 16) (see also http://genome.jgi-psf.org/finished microbes/nospu/nospu. home.html). The NpR1527 gene encoded a protein 53 and 58% identical to the MFS-type nitrate-nitrite transporter (NrtP) of Synechococcus sp. strain 7002 10) and Trichodesmium sp. strain WH9601 15) respectively. Heterologous expression of NpR1527 in the nrtABCD deletion mutant (NA3) of S. elongatus, which lacks the ABC-type NRT and hence cannot grow on low concentrations of nitrate, 12) restored the ability of the cells to grow on nitrate as the sole nitrogen source (Fig. 4B) , verifying that NpR1527 is the nitrate transporter gene (nrtP) of N. punctiforme. A search for other candidates for nitrate transporter genes in the genome of N. punctiforme showed the presence of an ORF (NpR2356) encoding a protein 49, 47, and 47% identical with the substrate-binding protein (NrtA) of ABC-type NRT from Anabaena sp. strain PCC 7120, Synechocystis sp. strain PCC 6803, and S. elongatus strain PCC 7942 respectively. But the protein was more similar to CmpA, an NrtA homolog involved in high-affinity uptake of bicarbonate in cyanobacteria, 28, 29) being 84, 64, and 56% identical with the protein from Anabaena sp. strain PCC 7120, Synechocystis sp. strain PCC 6803, and S. elongatus strain PCC 7942 respectively. Phylogenetic analyses including the NrtA and CmpA proteins from various strains of cyanobacteria also showed that the protein encoded by NpR2356 is CmpA (data not shown). Hence we concluded that nrtP is the only gene that codes for a nitrate transporter in N. punctiforme. The NpR1526 gene, located downstream of the nrtP gene, encoded a protein 85, 70, 64, and 60% identical with NR of Anabaena sp. strain PCC 7120, Synechococcus sp. strain PCC 7002, Synechocystis sp. strain PCC 6803, and Synechococcus elongatus strain PCC 7942 respectively. This gene was identified as the NR gene (narB) of N. punctiforme, because its expression in a narB-deficient mutant of S. elongatus (NC4) restored NR activity (Table 1 ) and the ability of the cells to grow on nitrate as the nitrogen source (Fig. 4C) . The NpR1528 gene, which is located upstream of nrtP, encodes a protein 83, 66, 62, and 54% identical with NiR of Anabaena sp. strain PCC 7120, Synechocystis sp. strain PCC 6803, Synechococcus elongatus strain PCC 7942, and Synechococcus sp. strain PCC 7002 respectively, and is cotranscribed with the nrtP and narB genes (see below). Hence we identified NpR1528 as the NiR gene (nirA) of N. punctiforme.
Northern blot analysis, using probes specific to nirA, nrtP, and narB, showed that expression of these genes is negligible in ammonium-grown cells (Fig. 1D, lane 1) and is induced by inhibition of ammonium assimilation with MSX (lane 2). Induction of transcription by MSX treatment indicated that these are ammonium-repressible genes activated simply by derepression. In the Northern hybridization analysis, the probes yielded smeared hybridization signals extending from 0.25 to 5.3 kb, with exclusion of radioactivity in the regions of the rRNA bands (Fig. 4D) . These results indicate the presence of a large transcription unit, the transcript from which is rapidly turned over. Since the size of the largest signal corresponded to the calculated size of the nirA-nrtPnarB gene cluster, 5.3 kb, we concluded that these genes are cotranscribed as an operon. Figure 5 compares the nitrate and nitrite uptake characteristics of wild-type S. elongatus carrying the ABCtype nitrate-nitrite transporter and the NA3[pNRTP] strain, an S. elongatus derivative expressing N. punctiforme NrtP instead of ABC-type NRT. When both nitrate and nitrite were present in medium, the wild-type Synechococcus cells took up nitrate and nitrite simulta- neously, the rate of nitrate uptake being slightly higher than that of nitrite uptake (Fig. 5A) . The cells expressing NrtP, by contrast, assimilated nitrate preferentially over nitrite (Fig. 5B) . The rate of nitrate uptake by NA3[pNRTP] (36 mmol mgChl À1 h À1 ) was more than twice that observed in the wild-type strain of S. elongatus (15 mmol mgChl À1 h À1 , Fig. 5A ) and was higher than the sum of the rates of nitrate and nitrite uptake by the latter strain (26 mmol mgChl À1 h À1 , Fig. 5A ). In the presence of nitrate, there was an increase in nitrite concentration in the medium (Fig. 5B) , which was not observed with the N. punctiforme cells (see Fig. 1 ). It should also be noted that wild-type S. elongatus cells do not excrete nitrite into the medium unless CO 2 supply is reduced to limit cell growth. 30) These observations indicate that IPTG-induced expression of NrtP, combined with the high NR activity of S. elongatus (Table 1) , increased the rate of nitrate reduction in the cytoplasm of NA3[pNRTP] to a level that exceeded the rate of nitrite reduction, leading to net excretion of nitrite. Net uptake of nitrite by NA3[pNRTP] started after exhaustion of the nitrate in the medium (Fig. 5B) . While nitrate was consumed at a constant rate until its exhaustion in the medium, the nitrite uptake rate decreased progressively as the nitrite concentraion in the medium decreased. Although S. elongatus has a nitrite-specific transporter NIT, the activity of which was detected in NA3 cells grown on nitrate, 31) the nitrite uptake observed in NA3[pNRTP] is not to be ascribed to NIT for the following reasons: First, NIT is a nitritespecific transporter not inhibited by nitrate. 31) Secondly, NIT activity is inhibited at a post-translational level by the addition of ammonium to the medium 31) but nitrite uptake by NA3[pNRTP] was not (data not shown). Finally, NIT activity becomes manifest in nitrogen-limited cells, i.e., the NRT-deficient NA3 cells forced to grow on nitrate in media containing high concentrations of the substrate (Maeda, unpublished results); NA3[pNRTP] is nitrogen-replete in nitrate- A, Physical map of the N. punctiforme genomic region carrying the putative nitrate assimilation genes. B, Complementation of the growth phenotype of the NRT-less S. elongatus mutant (NA3) by the NpR1527 gene. Growth of NA3, the NA3 derivative carrying the expression vector pSE1 (NA3[pSE1] ), the NA3 derivative carrying the expression plasmid bearing NpR1527 (NA3[pNRTP] ), and the wild-type strain of S. elongatus was examined on nitrate-containing solid medium supplemented with 1 mM IPTG. C, Complementation of the growth phenotype of the S. elongatus NR-deficient mutant (NC4) by the NpR1526 gene. Growth of NC4, the NC4 derivative carrying the pSE2 vector, the NC4 derivative carrying the pSE2-based expression plasmid bearing NpR1526 (NC4[pNNARB]), and the wild-type strain of S. elongatus was examined on nitrate-and-IPTG containing solid medium. D, Northern blot analysis of RNA from N. punctiforme showing MSX-induced expression of nirA (NpR1528), nrtP (NpR1527), and narB (NpR1526). Ammonium-grown culture was separated into two portions, one of which was supplemented with MSX, and RNA was extracted from the cultures after a 2-h incubation under the growth conditions. Asterisks to the right of the figure indicate the positions of the rRNA bands as determined by staining of the blots with methylene blue.
containing medium (Fig. 4B) and hence is unlikely to express NIT activity. The nitrate and nitrite uptake characteristics of NA3[pNRTP] (Fig. 5B) therefore verify that the NrtP of N. punctiforme is a nitrate-nitrite bispecific NRT, having much higher affinity for nitrate than for nitrite. Figure 6 shows the effect of ammonium on nitrate uptake by the NC4[pNNARB] strain, whose nitrate assimilation depends on plasmid-borne N. punctiforme narB. In the absence of ammonium in the medium, the cells assimilated nitrate at a rate of 22.6 mmol mgChl À1 h À1 , which was comparable to that in wildtype S. elongatus cells. The addition of ammonium to the medium completely inhibited nitrate assimilation. NC4, the parental strain of NC4 [pNNARB] , lacks the regulatory domain of ABC-type NRT and has ammonium-resistant nitrate transport activity. 13) Given that the nitrate transporter of NC4[pNNARB] is resistant to ammonium, the results confirm that the NR of N. punctiforme is sensitive to ammonium-promoted regulation. The results verify that the rapid inhibition by ammonium of nitrate uptake by N. punctiforme cells is due to inhibition of NR but not NRT.
Discussion
In cyanobacteria, the genes encoding the transporter and the enzymes required for nitrate assimilation, viz., NRT, NR, and NiR, generally comprise an operon(s), the expression of which is repressed in the presence of ammonium. 19, [32] [33] [34] This has been shown to be true also in N. punctiforme (Fig. 4D) . In addition to transcriptional regulation of the relevant genes, nitrate assimilation activity is regulated at the post-translational level. Thus the addition of small amounts of ammonium to nitrate-utilizing cultures of cyanobacteria rapidly and reversibly inhibits nitrate assimilation. 10, 13, 14, [35] [36] [37] This is also the case in N. punctiforme (Fig. 3A) . Transport of nitrate has been found to be inhibited by ammonium treatment of cells of S. elongatus strain PCC 6301, 37) a close relative of S. elongatus strain PCC 7942, and later studies in S. elongatus strain PCC 7942 and Synechocystis sp. strain PCC 6803 identified a regulatory domain in one of the ATP-binding subunits of ABC-type NRT. 13, 14) In the former strain, NR has also been found to be inhibited by the addition of ammonium to the medium, 13) whereas the NR of Synechocystis is resistant to ammonium treatment. 14) In the case of the coastal marine cyanobacterium Synechococcus sp. strain PCC 7002, which has NrtP permease, 10) it remains unclear whether NRT is regulated or whether NR is regulated at the post-translational level. It is also unknown whether NR is regulated in cyanobacterial strains other than S. elongatus. The present results indicate that the NrtP permease of N. punctiforme is not regulated at the posttranslational level but that the NR of the cyanobacterium is ( Figs. 3 and 6 ). Thus ammonium-promoted inhibition of nitrate assimilation is observed in N. punctiforme (Fig. 3A) as in S. elongatus strain PCC 7942 and Synechocystis sp. strain PCC 6803, but the underlying mechanism is distinct. We infer that the NrtP of marine cyanobacteria is also insensitive to ammonium treatment, although experimental verification is required. The molecular mechanism of NR regulation is currently unknown. It should be noted, however, that the regulation of NR activity in S. elongatus strain PCC 7942 requires the PII signal transduction protein. 38) Because N. punctiforme also has the gene for the PII protein (NpF4466) and because the NR from N. punctiforme is regulated in an ammonium-responsive manner in the cells of S. elongatus (Fig. 6) , we infer that the mechanism of NR regulation is conserved in these two cyanobacterial species, involving PII as a key regulator.
In S. elongatus strains PCC 6301 and PCC 7942, the rate-limiting step of nitrate assimilation has been found to be transport of the substrate into the cell. 6, 39) In the latter strain, in vivo NR activity was found to be much higher than the maximum activity of active nitrate transport. 6) In N. punctiforme, in contrast, NR appears to be the limiting step of nitrate assimilation (Fig. 2 , Table 1 ). Regulation of NR therefore appears to be an effective means of regulation of the nitrate assimilation pathway in N. punctiforme. During nitrate assimilation, reducing power corresponding to eight electrons is required for conversion of one molecule of nitrate into ammonium. Whichever of NRT or NR is regulated, cells can save this amount of energy in the presence of ammonium, but in the case of N. punctiforme, whose NRT is not regulated, cells would keep transporting nitrate without assimilating it in the presence of ammonium. This apparently is a waste of energy, but would help cells to keep nitrate intracellularly to be used Nitrate was added at time zero to a cell suspension containing 5 mg of Chl per ml, with or without simultaneous addition of ammonium (200 mM), and changes in nitrate concentration in the medium were monitored. Open circles, control; closed circles, plus ammonium. Note that NC4 had ammonium-resistant nitrate transport activity due to deletion of the regulatory domain of ABC-type NRT.
when ammonium is exhausted from the medium. This would be of advantage to cells growing in environments with a strictly limited supply of combined nitrogen. N. punctiforme is unique among cyanobacteria in its broad competence for symbiosis with terrestrial plants and fungi, providing the partners with combined nitrogen obtained by N 2 fixation. 16, 40) The natural habitat of N. punctiforme and its symbiotic partners is therefore deduced to be poor in combined nitrogen. The occurrence of NrtP permease in oceanic cyanobacterial strains may be also related to the oligotrophic nature of the environment. The distribution of NrtP among cyanobacteria thus appears to have ecophysiological significance, although experimental verification requires further studies.
